Drought over Nepal is studied on the basis of precipitation as a key parameter. Using monthly mean precipitation data for a period of 33 years, Standardized Precipitation Index (SPI) is produced for the drought analysis with the time scale of 3 months (SPI-3) and 12 months (SPI-12) as they are applicable for agriculture and hydrological aspects, respectively. Time-space variability is explored based on Principal Component Analysis (PCA) along with Rotated PCA (RPCA). Four rotated components were explored for both SPI-3 and SPI-12 representing climatic variability with cores over eastern, central and western Nepal separately. Droughts associated with SPI-3 occurred almost evenly over these regions. Droughts associated with SPI-12 were consistent with SPI-3 for summer, since summer precipitation dominates annual precipitation. Connection between SPI and the climate indices such as Southern Oscillation Index (SOI) and Indian Ocean Dipole Mode Index (DMI) was studied, suggesting that one of the causes for summer droughts is El Nino, while the winter droughts could be related with positive DMI.
INtrODUCtION
Approximately 85% of natural disasters are related to extreme meteorological events (Obasi, 1994) . Drought is one of the most complicated and least understood natural hazards, affecting more people than any other hazards (Wilhite, 2000) . It is a slowly developing phenomenon, only indirectly affecting our life. Although drought first appears as below-average rainfall within a normal part of climate, it can develop as an extreme climatic event and turn into a hazardous phenomenon which can have a severe impact on communities and water dependent sectors (McKee et al., 1993) .
Precipitation is the primary factor controlling the formation and persistence of drought conditions. Other climatic factors such as high temperature, high wind, and low relative humidity are often associated with it in many regions of the world and can significantly aggravate its severity. In recent years, due to the effect of climate change drought studies are getting special attention (Byun and Wilhite, 1999) . Along with this increased vulnerability, concern exists because some research suggests that drought in the future may be amplified in certain areas due to changes in climate variability and extremes resulting from global warming (www.ncdc.noaa.
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Although there have been some studies on precipitation patterns over Nepal (e.g. Shrestha, 2000; Shrestha et al., 2000) , the study concerning on drought is very limited and new. Summer monsoon, June to September (JJAS) is associated with around 80 percent of total precipitation while winter season's western disturbance has relatively weak effects on precipitation which lies from December to February. Since winter is basically dry, a small amount of reduction in rain fall may have a serious impact on certain activities such as crop production. Dependency on precipitation for agricultural practices may lead serious consequences on the national economy due to longterm drought situation. Careful monitoring as well as early warning for dryness is a big challenge for drought management in Nepal. From the historical observations, this country has noticed that the serious droughts gave enormous nationwide impacts.
Standardized Precipitation Index (SPI) was developed by McKee et al. (1993) as an alternative to the Palmer Index in Colorado (Heim, 2002) . Although SPI is a comparatively new index, it has been used in Turkey, Argentina, Canada, Spain, Korea, Hungary, China and India for real time monitoring or retrospective analyses of droughts (Patel et al., 2007) . Once we search a cause of a drought event, a coupled atmosphere-ocean system may provide a climatic index as control mechanism of precipitation. El Nino-Southern Oscillation (ENSO) phenomenon over the tropical Pacific is quite important because of its huge impacts on hydro-meteorological disasters like floods and droughts beyond the tropical region. According to Saji and Yamagata (2003) Indian Ocean Dipole mode index (DMI) is a recently noticed player for precipitation variability along peninsular and western Indian subcontinent.
Therefore, hydroclimatic variability around Nepal can not be distant from the influence of these indices like ENSO and DMI.
The present study aims at focusing on the drought index (SPI) over the country, Nepal, and focuses on the analysis of spatial pattern and temporal progression of the drought events.
Linkage is sought between the drought and the climate indices of the tropical Pacific and Indian Ocean.
DAtA AND MEtHODS
Nepal lies between 80º 04' and 88º 12' east longitudes and 26º 12' and 30º 27' north latitudes of South Asian region. 
SpI AND prINCIpAL COMpONENt ANALYSIS
SPI is simply the result of the normal quantile transformation applied to a fitted parametric distribution of the original value. The main advantage of SPI exists in a quantitative analysis of shortage of precipitation with reference to a climatic mean state: e.g.: annual precipitation itself is dominated by summer precipitation, whereas small precipitation variability in the other seasons may be crucial to drought but plays negligible contribution to annual one. Another advantage is that SPI with different time scales (McKee et al., 1993; Komuscu, 1999) can identify various drought types. The SPI is comparable in both time and space, but it is not affected by geographical and topographical differences (Lana et al., 2001) . This versatility allows the SPI to monitor short term water supplies, such as soil moisture, important for agricultural production and longer term water resources such as ground water supplies, stream flow and lake reservoir levels (Hayes et al., 1999) . In this study we applied the drought classification category based on Mckee et al. (1993) as shown in Table 1 . The SPI is computed by fitting a probability density function to a given precipitation summed over the time scale of interest. The monthly precipitation is fitted to gamma distribution. The probability density function of Gamma distribution is defined
where, x >0, α is a shape parameter. β>0, β is scale parameter x >0, x is the precipitation amount Г(a) is the gamma function. (ii)
Fitting the distribution to the data requires alpha and beta to be estimated. The maximum likelihood function is given as follows:
, where (iv) n = number of precipitation observations
The resulting parameters are then used to find the cumulative probability of an observed precipitation event for the given month and time scale for the station in concern. The cumulative probability is given by: letting equation becomes since gamma function is undefined for x=0 and precipitation distribution may contain zero, cumulative probability becomes:
where q is the probability of zero. H(x) is then transformed to a normal distribution with a zero mean and unit variance. The above approach is simple but not practical for computing SPI for large numbers of data points. As used by Edwards and McKee (1997) , the approximate conversion provided by Abramowitz and Stegun (1965) is alternative and was used in Dominant space-time variation of SPI was analyzed for 3-month time scale (SPI-3) and 12-month time scale (SPI-12) using the principal component analysis (PCA). This method consists of computing eigenvalues and eigenvectors of covariance matrix, where eigenvectors properly normalized are the loadings, while each eigenvalue explains fraction of total variance explained by each loading (Bonaccorso et.al., 2003) . According to Bordi et al. (2004) spatial patterns describe the correlation between SPI series at single stations and the corresponding
principal component (PC) time series, while the corresponding temporal series provides the time behavior for the PC with a focus on the region identified.
SpAtIAL AND tEMpOrAL ANALYSIS OF SpI
The annual distribution of precipitation over the country is shown in Figure 1 . The amount of annual precipitation generally decreases from east to west. However, there are certain pockets with heavy annual rainfall totals, e.g., in central Nepal.
For all the studied stations we calculated the SPI and obtained the SPI series for Nepal with the two temporal scales SPI-3 and SPI-12. Then this data series was analyzed through PCA. We utilized unrotated PCA as a basic analysis for the possible linkage with large-scale atmospheric circulations and used rotated PCA (RPCA) as an extended analysis to identify drought characteristics in the sub-regions.
One of the criteria for RPCA is the percentage of variance accounted and recommends achieving high percentage in application of this procedure to rotate the loadings (Bordi and Sutera, 2002; Bonaccoros et al., 2003) . We applied varimax rotation for the first eight components of SPI-12 and first nine components of SPI-3, both of which explain around 78 percentage of total variances. From the statistical point of view, the higher modes may not provide robust results. Hence, we examined rotation of the first two PCs also. As we expected it, the area representation was not localized but showed eastern and western modes only. Therefore, from the objective of localizing the SPI distributions, we used the high percentage method in this paper. The results of the first four rotated components whose spatial patterns show higher loadings in certain regions are discussed.
A. SpAtIO-tEMpOrAL pAttErN FOr SpI -3 AND SpI-12
About 38.5 percent of variance is explained by the first unrotated component (PC1). The spatial loadings are almost positive having higher values in eastern and central Nepal and hence higher correlation between its time series and SPI at the stations in these regions (Figure 2a) . Thus, the fluctuating time series of these particular regions give the dry and wet conditions as shown in Figure 2 b; e.g., drought occurs with positive spatial loadings and negative time series. We considered the representative region based on loadings larger than 0.5 i.e., contours in the spatial map. The PC2 explains 12.8 percent of variance representing contrast between eastern and western regions (not shown). The difference between PC1 and PC2 may be caused by difference in seasonal precipitation regime, since the eastern and central regions receive precipitation in summer (Shrestha, 2000) and more rain falls over the western region in winter. PC1 may be related with large-scale circulation such as ENSO, while PC2 can be caused by wintertime circulation extending to the Arabian Sea. detected having larger negative values, yielding critical situations for years 1981-82, 1986, 1992, 1994, 1997, 1999 and 2001 . The RPC2 explains 13 percent of variance, as higher values of loadings are observed in the southeastern region (Figure 3b ). For SPI-12, the first mode of unrotated PCA contains 29.1 percent of variance and has nearly homogeneous positive loading with value larger than 0.6 over the central and eastern Nepal (Figure 5a ), giving drought conditions with negative time series (Figure 5b) . A weak negative loading appears in the northwestern region and fluctuates in the opposite sense to the central and eastern regions. The RPC1 for SPI-12 explains about 16.7 percent of variance and has the higher loading in the eastern region. For this temporal behavior, major dry events are observed in the years 1977, 
b. rECUrrENCE INtErVAL
The magnitude and duration of dry events were investigated from the series of SPI based on the temporal analysis. When PC/RPC scores show a minimum, we expect negative values also in the SPI time series of the particular region. The frequency of an extreme event is usually expressed by its return period or recurrence interval, which may be defined as average interval of time within which the magnitude of the event reaches or exceeds a certain threshold once (SPI <-1.0).
For the estimation of extreme events, such as drought whose return periods with particular depth and duration have to be known, it is necessary to assume a particular mathematical form of frequency distribution. We estimated the drought magnitude to be the cumulative sum of monthly SPI values smaller than the drought threshold (Table 1) The truncated exponential distribution was used for the drought magnitude, while the geometric distribution was applied to the discrete values of the drought duration. The goodness of fit of these theoretical distributions was examined by quantile-quantile (QQ) plots and KS test. Figure  6a shows QQ plots of the drought magnitudes between the truncated exponential distribution and empirical distribution of the RPC1 of SPI-3, while Figure 8b shows the QQ plot of the drought duration with geometric distribution, which is generally satisfactory. The upper and lower dashed lines in Figure 6 show the 95% confidence bands.
The QQ plots of the other RPCs are also consistent with this result. The return level plot based on respective distribution is shown in Figure 7 . For SPI-3 the highest magnitude of dryness is associated with RPC4 (Figure7a), which appears in the western area of Nepal. The region represented by the RPC2, which lies in the southeastern Nepal, has lower probability of long duration of drought (Figure 7b) 1977, 1982-83, 1992-93 and 1995 were extremely dry for SPI-12 observed in Figure 8 . We notice the years of 1976-77, 1982, 1991 and 1994 had negative phases of SOI (El Nino). Thus, both SPI-12 and ENSO have phase relationship during these drought years.
In contrast, the temporal pattern SPI-3/PC1 is not correlated with either of SOI or DMI (Figure 8 , Table 2a ) 
95% significant level is ±0.11
In addition to SPI over entire Nepal, the correlations were taken between SPI-12 at the individual stations with SOI showing the spatial pattern in Figure 9 . It shows that SPI at most of the stations are positively correlated with SOI, although the CC is not high. The stations lying on
For the case of SPI-12, the area defined by RPC2 has the highest magnitude of drought progression. The probability of dryness magnitude for RPC2 is almost double compared with the RPC4 for a 10-year interval (figure not shown). The highest probability of long duration is related to RPC2 and located in the northern and southern part of 85°E to 87°E. We found again no statistical difference among RPCs.
rELAtIONSHIp OF SpI WItH CLIMAtE INDICES
Climate indices represent coupled atmosphereocean phenomena giving huge impacts on hydroclimatology around the globe. Therefore, we present the existing relationship of the drought indices over Nepal with SOI and DMI. To understand the inter-annual behavior of drought and possible forcing mechanisms, we use the dominant principal components, SPI-12 (hereafter SPI-12/PC1) and SPI-3 (hereafter SPI-3/PC1) along with SOI and DMI. Spectral analyses were carried out to reveal the dominant oscillations, while Pearson correlation analysis was applied to study the relationship among above mentioned indices. Two tailed student's t-test was used to calculate the significance of the correlation coefficient (CC). Additionally, we tested the autocorrelation of the indices, which supports the student's t-test results.
To expose the dominant oscillation time scale, we applied Multi taper method (MTM) for the above mentioned indices. The MTM analysis used by Ghil et al. (2002) identifies a highly significant peak centered at f = 0.019 for SOI. Normally it belongs to 4.5 year/cycle oscillation. Similarly SPI3/PC1 and SPI12/PC1 indicate the peaks at 0.093 and 0.031 respectively. These oscillations are of nearly 1 year/cycle and 2.75 year/cycle. The latter one may be influenced by the ENSO phase since historical the central and eastern regions have comparatively strong association with SOI. In case of SPI-3 the association between them is weak (figure not shown)
A. IDENtIFYING tHE SUMMEr AND WINtEr DrOUGHt
Assuming that SPI-3, which is also referred to as the agricultural drought index, may be more suitable for seasonal drought identification, we separated the winter (DJF) and summer (JJA) indices by averaging precipitation data over Nepal and converting them to SPI values for respective years. Out of 31 cases, 6 years were identified to be drought years for winter (1974, 77, 85, 93, 99, 2001) , while only for 4 years (1977, 82, 91, 92) summer drought was detected ( Figure.10) . Thus, only for one year both winter and summer drought events coincided together. Although the strong drought events hardly occur in both seasons of one year, negative summer SPI-3 followed negative winter SPI-3 in the same years or proceeded to negative winter SPI-3 in the next years: e.g., summer of 1992 and winter of 1993. This pattern continued until 1994. 5 1973 1976 1979 1982 1985 1988 1991 1994 1997 No correlation exists between SPI-3 and SOI (Table 2a) , although we observed that summer SPI-3 and winter SPI-3 have statistically significant correlations with SOI and DMI respectively. In addition, summer SPI-3 is mostly associated with SPI-12, whereas winter SPI-3 is different (Table 2b) . Thus, the overall information implies that summer and winter droughts have different characteristics and origins which are affected by dissimilar hydroclimatology between summer and winter. This suggests that summer drought can be related with ENSO while winter drought can be affected by Indian Ocean DMI. Although only summer drought has received attention, the winter drought can widely and frequently affect Nepal and is equally important for agriculture as well as water resources. 
DISCUSSION AND CONCLUSION
It is well known that the major factor for drought evolution over Nepal is the lack of precipitation linked with summer monsoon (southeasterly) and wintertime (westerly) circulations. Moreover, large-scale climate phenomena play a crucial role on precipitation system. We used the 3-month and 12-month time scales for monitoring the different drought characteristics from the agricultural and hydrological viewpoints, respectively. The drought occurrence in Nepal over the 33-year period shows some extreme, severe and moderate years in terms of drought intensity. On an average we observed 9, 5 and 5 percentages of area covered by moderate, severe and extreme drought respectively with respect to SPI-12. There are certain variations with respect to time scales and spatial variability in the drought development. The spatial mean SPI series over Nepal is well represented by SPI-12. Droughts are more frequent for SPI-3 and continue longer for SPI-12.
In case of unrotated PCA, drought occurrence appears to be dominated by PC1 on both time scales, which represent droughts for larger surface area in eastern and central Nepal. The more localized patterns based on the varimax rotation show clearly that the country is separated into four sub-regions for potential of drought. The behavior of SPI-3 and SPI-12 is also different in the rotated PCs, which is justified by the spatial representation as well as difference in the recurrence interval of drought magnitude and duration among the rotated PCs. For the SPI-3 western and northwestern Nepal has higher probability of drought risk, while central and northeastern Nepal found to be risky under the SPI-12.
Shrestha (2000) and Shrestha et al. (2000) also suggested the relationship of summer rainfall over Nepal with SOI. The oscillations among the spectral peaks show that SPI-12/PC1 may have some linkage with ENSO. However, oscillation of SPI-3/PC1 is different. The present study yielded that SOI has statistically significant correlation with SPI-12/PC1 too ( Figure 8 , Table  2a ) but not with SPI-3/PC1. The difference between these two components arises from the fact that the shorter time scale SPI is more sensitive to and represents sub-season accumulation of precipitation. Although the correlations are not extremely high, we found that El Nino is one of the mechanisms of summer drought, while winter SPI-3 could be related with Dipole Mode (Table 2b ). In particular, the characteristic of winter SPI-3 is consistent with the suggestion by Saji and Yamagata (2003) that western Indian subcontinent is under influences of the Arabian Sea. The spatial pattern of the correlation between SPI-12 and SOI supports that southeastern Nepal is under the highest risk of drought related with El Nino ( Figure  9 ). The seasonal characters of SPI-3 suggest one-year continuation either from winter to summer or from summer to winter ( Figure  10 ). Further study is necessary to investigate the mechanisms of inducing low precipitation in the western region and consequently winter drought.
In this study, we attempted to relate drought with climate parameters, whereas climatic phenomenon cannot be a solo driver for drought progression. The other factors like local geography, orography, soil parameter and vegetations might be important for drought evolution and severity on a local scale. Therefore, collection of regional environmental information should also be an additional task for understanding, predicting and mitigating drought.
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